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1 . 0  INTRODUCTION 

T h i s  document ,  s u b m i t t e d  by t h e  Garrett  T u r b i n e  E n g i n e  Company, a 
d i v i s i o n  of T h e  Garret t  C o r p o r a t i o n ,  p r e s e n t s  t h e  D e s i g n  Documen ta t ion  
Report ( T a s k  111) f o r  t h e  C o u n t e r f l o w  Fi lm-Cooled  Combustor Program i n  
c o m p l i a n c e  w i t h  Item A of R e p o r t s  of Work ,  NASA C o n t r a c t  NAS3-22116. I 

T h i s  report documen t s  t h e  t e c h n i c a l  e f f o r t s  u n d e r t a k e n  d u r i n g  t h e  
d e s i g n  of t h e  C o u n t e r f l o w  Fi lm-Cooled Combustor  (CFFC) and  c o n s i s t s  of 
t h e  f o l l o w i n g  tasks .  

0 B r i e f  a n a l y s i s  of t h e  combus to r - f low and  w a l l - t e m p e r a t u r e  
d i s t r i b u t i o n  i n  i t s  o r i g i n a l  c o n f i g u r a t i o n  t h a t  i n c l u d e d :  

A one -d imens iona l  (1-D) a n a l y s i s  of t h e  a i r f l o w  d i s t r i -  
b u t i o n  a r o u n d  t h e  combus to r .  

- A t h r e e - d i m e n s i o n a l  ( 3 - D )  p r e d i c t i o n  of t h e  combus to r  
i n t e r n a l  f low. 

- A one-dimens ional a n a l y t i c a l  e v a l u a t i o n  of t h e  com- 
b u s t o r  l i n e r  w a l l  d i s t r i b u t i o n .  

o A n a l y s i s  and o p t i m i z a t i o n  of t h e  c o o l i n g  a i r  d i s t r i b u t i o n  t o  
a c h i e v e  a c c e p t a b l e  w a l l  t e m p e r a t u r e  d i s t r i b u t i o n  t h r o u g h  

- S e l e c t i o n  of o p t i m a l  c o o l i n g  scheme c o m b i n a t i o n s  f o r  
t h e  c y l i n d r i c a l  l i n e r  s e c t i o n s  - c o n v e n t i o n a l  forced 
c o n v e c t  ion-f i l m  c o o l i n g  and  e x t e n d e d  s u r f  ace-f i l m  
c o o l i n g .  

21-4007 
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- Thermal  a n a l y s i s  of  t h e  i n n e r -  and  o u t e r - t r a n s i t i o n  
l iners  ( t o r u s )  t o  o p t i m i z e  of t h e  g e o m e t r i c a l  c o n f i g u -  
r a t i o n  for  maximum w a l l  temperature r e d u c t i o n  and  m i n i -  
mum stress d i s t r i b u t i o n .  

- D e t a i l e d  a n a l y s i s  of  combus to r  f i l m - c o o l i n g  s k i r t s .  

21-4007 
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2.0 TECHNICAL DISCUSSION 

2.1 Original Combustor Flow and Temperature Distribution 

2.1.1 Combustor Internal-Flow Distribution 

A one-dimensional annulus-flow model was used to predict the air- 
flow distribution around the combustor liner. This was based on the 
airflow rates through the outer-transition liners, part of the inner- 
transition liner and the fuel nozzles as specified in the program 
Statement of Work. The one-dimensional (1-D) model computed the pres- 
sure losses, annulus Mach number and associated air velocity and flow 
distribution around the combustor liner. The analysis considered the 
effect of area change, wall-friction, injection and extraction of air 
from the annulus, and drag introduced by inserted obstacles such as 
fuel nozzles and service struts. It predicted the airflow distri- 
bution presented in Figure 1 for the following sea level takeoff 
point: 

P3 = 235 psi (15.98 atm.) 
T3 = 1290'R (716OK) 

Wa3 = 8 pps (3.628 kg/sec) 

The combustor empirical parameters at the design points were: 

-3 3 Combustor volume = 0.2175, ft3 (6.2~10 m ) 

-3  2 Combustor reference area = 0.5811 ft2 (54x10 m ) 

Air loading parameter = 

6 3 3 Heat-release rate = 3.86 x 10 Btu/hr/ft /atm (39.92 MJ/s/m /atm) 

21-4007 
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Figure 1. Air-Flow Distribution as Predicted by 
a One-Dimensional Annulus-Flow Model. 
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R e f e r e n c e  v e l o c i t y  = 28.2 f t / s e c  (8.59 m/sec) 

Combustor  r e s i d e n c e  t i m e  = 13.3 m s  

Combustor  l i n e r  c o r r e c t e d  f l o w  Wc = 0.662 lb/sec (0.3 k g / s e c )  

2.1.2 Line r -Wal l  T e m p e r a t u r e  P r e d i c t i o n  

T h e  combustor l i n e r - w a l l  t e m p e r a t u r e  a n a l y s i s  was p e r f o r m e d  u s i n g  
a o n e - d i m e n s i o n a l  c o m p u t a t i o n a l  scheme.  The f i r s t  case t o  be examined  
deal t  w i t h  t h e  a i r f l o w  d i s t r i b u t i o n  shown i n  F i g u r e  1. The a n a l y s i s  
i n c l u d e d  c o n v e c t i o n  and  r a d i a t i o n  h e a t - t r a n s f e r  c o n t r i b u t i o n s  f rom t h e  
h o t  g a s  a n d  t h e  a n n u l u s  s ides ,  f i l m  c o o l i n g  e f f i c i e n c y  a l o n g  t h e  w a l l ,  
a n d  t h e  c h a n g e  of area,  wal l  t h i c k n e s s ,  a n d  materials.  

For c o m p u t a t i o n a l  p u r p o s e s ,  t h e  l i n e r  w a l l  was d i v i d e d  i n t o  i n d e -  
p e n d e n t  s e c t i o n s .  The  o u t e r  l i n e r  was d i v i d e d  i n t o  t h r e e  p a n e l s :  

(a )  The p r i m a r y  p a n e l ,  e x t e n d i n g  f r a n  t h e  combus to r  dome (from 
which  all t h e  l e n g t h s  "x" were measured )  up  t o  t h e  s e c o n d  
c o o l i n g  i n j e c t i o n  s l o t  a t  x = 1.5 i n c h e s .  

(b )  The f i r s t - d i l u t i o n  p a n e l  f rom x = 1.5  i n c h e s  t o  
x = 3 i n c h e s  which  i n c l u d e d  t h e  s e c o n d  d i l u t i o n  j e t s  a t  
x = 2.25 i n c h e s .  

(c)  T h e  s e c o n d - d i l u t i o n  p a n e l  c o v e r s  t h e  t h i r d  c o o l i n g  s lo t  a t  
x = 3 i n c h e s  up  to  t h e  f o u r t h  slot  a t  x = 4 . 5  i n c h e s .  

T h e  i n n e r  l i n e r  was d i v i d e d  i n t o  t h e  same c o r r e s p o n d i n g  p a n e l s  as 
o n  t h e  o u t e r  l i n e r ,  a l t h o u g h  t h e  s e c o n d - d i l u t i o n  s e c t i o n  e x t e n d e d  t o  
x = 4 i n c h e s  o n l y .  T h e  t r a n s i t i o n  l i n e r s ,  beyond x = 4 .5  i n c h e s ,  w i l l  
be d i s c u s s e d  s e p a r a t e l y ,  d u e  to  t h e i r  complex f 1 . 0 ~ .  

21-4007 
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For e a c h  s e c t i o n ,  a f u e l - a i r  r a t i o  ( f / a )  was computed f rom t h e  
t o t a l  amount of a i r  a n d  f u e l  p r e s e n t  a t  t h e  s e c t i o n .  Only  t h e  e f fec t  
of t h e  c o o l i n g  f i l m  was e x c l u d e d  for  t h e  p a n e l  b e i n g  e v a l u a t e d ,  s i n c e  
t h e  c o o l i n g  f i l m  s e r v e s  t o  cool t h e  l i n e r  and  does  n o t  i n t e r a c t  w i t h  

t h e  b u r n i n g  process; however ,  t h e  c o o l i n g  f i l m ' s  f l o w  r a t e  was t a k e n  
i n t o  a c c o u n t  on  t h e  n e x t  downst ream p a n e l ,  where  t h e  f l o w  was assumed 
t o  be mixed  c o m p l e t e l y  w i t h  t h e  h o t  g a s e s .  The flame t e m p e r a t u r e s  
were estimated from t h e  a d i a b a t i c  f l a m e  t e m p e r a t u r e  c o r r e s p o n d i n g  t o  
t h e  known f /a  and  a c o m b u s t i o n  e f f i c i e n c y ,  qc .  

I n  t h e  p r i m a r y  s e c t i o n ,  qC was assumed t o  be 90 p e r c e n t ;  f o r  t h e  
other p a n e l s ,  q C  was assumed t o  be 100  p e r c e n t .  Based upon t h e  r e s u l t  
from t h e  a n n u l a r  f l o w  d i s t r i b u t i o n ,  t h e  simple c o u n t e r f l o w  film-cooled 
combus to r  d i s p l a y e d  a t e m p e r a t u r e  p ro f i l e  a l o n g  t h e  l i n e r s  a s  shown i n  
F i g u r e s  2A and  2B. Note t h a t  t h e  c o o l a n t - m a s s  flow i s  i n d i c a t e d  and  
c o r r e s p o n d e d  t o  t h e  a n n u l a r - f l o w  p r e d i c t i o n .  

The h i g h e s t  t e m p e r a t u r e s  c a l c u l a t e d  by t h e  1 - D  program were 
loca ted  a l o n g  t h e  p r i m a r y  p a n e l s  and  f i r s t  d i l u t i o n  s e c t i o n s .  

2.1.3 3-D Combustor I n t e r n a l - F l ' m  A n a l y s i s  

I n  p a r a l l e l  w i t h  t h e  u s e  of  t h e  1 - D  l i n e r  c o o l i n g  model, work  was 
i n i t i a t e d  f o r  p r e d i c t i n g  t h e  combustor i n t e r n a l - f l o w  f i e l d  t o  accom- 
p l i s h  t h e  f o l l o w i n g  o b j e c t i v e s  : 

o P r o v i d e  the rma l -boundary  c o n d i t i o n s  f o r  a n a l y z i n g  s t resses  
i n  t h e  combustor wal ls  and  t h e  t r a n s i t i o n  l i n e r s .  

o P r e d i c t  t h e  t r a j e c t o r y  of t h e  f u e l  s p r a y  t o  d e f i n e  a l i n e r  
c o n f i g u r a t i o n  which  would m i n i m i z e  n e a r - w a l l  b u r n i n g  and  
t h u s  r educe  t h e r m a l l y - i n d u c e d  l i n e r  stresses. 

21-4007 
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I 

Figure 2 A. Temperature Distribution Outer Liner 
- Original Combustor. 
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Figure 2 B. Temperature Distribution Inner Liner 
- Original Combustor. 

21-4007 
8 



1 7 4  
GARRETT TURBINE ENGINE COMPANY 

A DIVISION OF T H E  GARRETT CORPORATION 
PHOENIX.  ARIZONA 

I A 20-degree  sector of t h e  combus to r  11 .89  c m  l o n g  was a n a l y z e d  by 
t h e  3-D model. The  sector was d i v i d e d  i n t o  32 x 1 8  x 1 3  n o d e s  t h e  
c e n t e r  of t h e  f u e l  n o z z l e  s p r a y  b e i n g  a t  8 =  1 0  d e g r e e s .  A t o t a l  of 
t h r e e  r u n s  were made u s i n g  t h e  3-D compute r  p rogram f o r  t h e  f o l l o w i n g  
cases: 

Run Number 1 - B a s e l i n e  run w i t h  a i r f l o w  d i s t r i b u t i o n  as  pre- 
d i c t e d  by t h e  a n n u l u s  f l o w  p rogram ( F i g u r e  1) w i t h  
t h e  predicted j e t  v e l o c i t i e s .  

Run Numberf2 - Rerun of t h e  above  w i t h  54 r a d i a l  o r i f i c e s  per row 
', . f o r  both i n n e r -  and  o u t e r - l i n e r  wal l s ,  t o  deter- 

mine  t h e  e f f e c t  o f  t h e  number of pr i m a r y / s e c o n d a r y  
o r i f i c e s  per  n o z z l e .  

\ '  

Run Number 3 - Rerun of Run Number 2 w i t h  a 75 -degree  s p r a y  c o n e  
i n s t e a d  of t h e  9 0 - d e g r e e  s p r a y  c o n e  assumed i n  
Runs 1 and 2. 

A l l  three cases were r u n  us ing  a s i m p l e x - p r e s s u r e  a t o m i z e r  w i t h  
365 p s i d  f u e l - p r e s s u r e  drop and a SMD ( S a u t e r  Mean Diameter) of 
30 m i c r o n s .  

F i g u r e s  3 and 4 p r e s e n t  computed a x i a l  v e l o c i t y  isopleths  f o r  
Runs 1 and 2, r e s p e c t i v e l y ,  f o r  a n  "x-y" p l a n e  i n  l i n e  w i t h  t h e  n o z z l e  
s p r a y  c e n t e r l i n e .  T h e r e  were t w o  d i s t i n c t  r e c i r c u l a t i o n  z o n e s  
( d e n o t e d  by t h e  z e r o  v e l o c i t y  l i n e s )  f o r  Run Number 1, whereas a 
s i n g l e  e l o n g a t e d  r e c i r c u l a t i o n  zone  w a s  predicted f o r  Run Number 2. 

Predicted f u e l - a i r  r a t i o  p r o f i l e s  f o r  a n  "x-y" p l a n e  be tween  t h e  
f u e l  n o z z l e s  are shown i n  F igu res  5 t h r o u g h  7 f o r  Runs 1 t h r o u g h  3,  
r e s p e c t i v e l y .  For Run Number 1 ( F i g u r e  5), a 0 .8  e q u i v a l e n c e  r a t i o  
pocket e x t e n d e d  i n  t h e  a x i a l  d i r e c t i o n  up t o  a d i s t a n c e  of  x = 7.5  cm. 
However,  t h e  model d i d  n o t  p r e d i c t  any  s t o i c h i o m e t r i c  pocket. T h e  

21-4007 
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Figure 3. Axial Velocity Distribution (Run No. 1). 
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Figure 4. Axial Velocity Distribution (Run No. 2). 
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Figure  5. Fuel-Air Ratio D i s t r i b u t i o n  (Run NO. 1) 
Plane  i n  Between F u e l  N o z z l e .  
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Figure b. Fuel-Air Ratio Distribution (Run No. 2) 
Plane in Between Fuel Nozzle. 
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Figure 7. Fuel-Air Ratio Distribution (Run NO. 3 )  
Plane in Between Fuel Nozzle. 
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e x t e n s i o n  of t h e  0.8 e q u i v a l e n c e - r a t i o  pocket beyond t h e  d i l u t i o n  
o r i f i c e s  was s t o p p e d  by i n c r e a s i n g  t h e  number of p r i m a r y  and  d i l u t i o n  
o r i f i c e s ,  as was s t u d i e d  i n  Run Number 2.  The p r e d i c t e d  p r o f i l e s  
shown i n  F i g u r e  6 i n d i c a t e d  t h a t  t h e  pocket h a s  now been  c o n t a i n e d  
b e c a u s e  of  t h e  t h r e e  primary jets.  The  e f f e c t  of t h e  smaller s p r a y -  
core a n g l e  ( 7 5  d e g r e e s  v e r s u s  90  d e g r e e s )  is p r e s e n t e d  i n  F i g u r e  7. 
The 0.8 e q u i v a l e n c e - r a t i o  pocket was s l i g h t l y  smaller w i t h  t h e  
7 5 - d e g r e e  s p r a y .  

F i g u r e  8 p r e s e n t s  p r e d i c t e d  f u e l - a i r  r a t i o  p r o f i l e s  for a p l a n e  
i n  l i n e  w i t h  t h e  f i r s t  primary j e t  t h a t  was l o c a t e d  u p s t r e a m  of t h e  
n o z z l e  i n  t h e  d i r e c t i o n  of  swirl;  t h e  r e s u l t s  are  f o r  Run 1. Due t o  
i n c r e a s e d  dome f l o w  for Run Number 1, t h e  f u e l - r i c h  pocket of e q u i v a -  
l e n c e  r a t i o  2.0 was r e d u c e d  c o n s i d e r a b l y .  I n c r e a s i n g  t h e  number of  
j e t s  (Run Number 2 )  f u r t h e r  r educed  t h e  f u e l - r i c h  pocket s i z e  as  shown 
i n  F i g u r e  9.  A d e c r e a s e  i n  s p r a y - i n c l u d e d - a n g l e  s l i g h t l y  r e d u c e d  t h e  
f u e l - r i c h  pocket s i z e ,  as  shown i n  F i g u r e  1 0 .  

F i g u r e s  11 t h r o u g h  1 3  p r e s e n t  t h e  p r e d i c t e d  p r o f i l e s  a l o n g  t h e  
6' = 1 7 - d e g r e e  s p r a y  c e n t e r l i n e  f o r  Runs 1 t h r o u g h  3 ,  r e s p e c t i v e l y .  
The e x t e n t  of f u e l  impingement on t h e  l i n e r  wa l l s  was r e d u c e d  b e c a u s e  
of t h e  i n c r e a s e d  dome f l o w ,  as shown i n  F i g u r e  11. A l s o ,  i n c r e a s i n g  
t h e  number of o r i f i c e s ,  as i n  Run 2, r e d u c e d  f u e l  impingement  
( F i g u r e  1 2 ) .  Reducing  s p r a y - i n c l u d e d - a n g l e  d i d  n o t  r e d u c e  f u e l  
impingement  ( F i g u r e  1 3  v e r s u s  F i g u r e  1 2 ) .  

F i g u r e s  14 t h r o u g h  1 6  show p r e d i c t e d  p r o f i l e s  a l o n g  a 
8 = 1 7 - d e g r e e  p l a n e  f o r  Runs 1 t h r o u g h  3 ,  r e s p e c t i v e l y .  Only  a s l i g h t  
improvement  i n  l i n e r - f u e l  impingement  was a c h i e v e d  i n  Runs 2 a n d  3 ,  a s  
i n d i c a t e d  i n  F i g u r e s  1 5  and  16. F i g u r e s  1 7  t h r o u g h  29 p r e s e n t  pre- 
d i c t e d  i s o t h e r m a l  l i n e s  f o r  t h e  p l a n e s  f o r  f u e l - a i r  r a t i o  p r o f i l e s  
t h a t  were d i s c u s s e d  i n  t h e  p r e c e e d i n g  p a r a g r a p h s .  An i m p o r t a n t  con-  
c l u s i o n  was r e a c h e d  f rom t h e s e  plots ,  i n  t h a t  t h e  h o t - g a s  s t r e a k  was 
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CFFC C O M B U S T O R 0 3 D - 0 3 0  r S L T 0 , Q N L O S S  FLOW SPLITS1 
SYH-VRI. 0 0.135fjA 0 . 1 0 1 7 +  0.OR14X 0.067RQ 0.05421' 0 .0407X 0 . 0 2 7 1 2  0.0136Y G.0068# 0 . 0 0 0 7  
SYH-VRI.  % 0.0001 
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Figure 8. Fuel-Air Ratio Distribution (Run No. 1) 
Plane in Line with Primary Jet. 
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GARRETT TURBINE ENGINE COMPANY 
A DIVISION OF TnE GARRETT CORPORATION 

PHOENIX ARIZONA 

c\I 

CFFC COMBUSTORw3D-032  ( S L T 0 . 4 N L O S S  ,FLOW S P L I T S , 3 - J E T S )  
SYH-VAL 0 O.i356a 0.1017+ 0.OR14X 0.06780 0.0542+ 0.0407X 0.02712 0.013f iY  0 .0068X 0.0007 
SYH-VAL % 0.0001 

I I I 1 I 1 1 1 
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Figure 9. Fuel-Air RAtio Distribution (Run No. 2) 
Plane in Line with Primary Jet. 
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A DIVISION OF THE GARRETT CORPORATION 

PHOENIX ARIZONA 

CFFC C O M B U S T O R , 3 D - 0 3 6  f S L T O . 9 N L O S S  fLOW S P L I T S P 3 - J E T S , 7 a T  r SPRAY 
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Figure 10. Fuel-Air Ratio Distribution (Run NO. 3 )  
Plane in Line with Primary Jet. 
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GARRETT TURBINE ENGINE COMPANY 
A DIVISION OF T H E  GARRETT CORPORATION 

PHOENIX ARIZONA 

CFFC C O M B U S T O R  . 30 -030  ( SLTO .FINLOSS F L O W  SPL I T S  1 
SYM-VAI .  0 0.1356A 0 .1017+  0-OR14X 0.06700 0.0542+ 0.0407X 0 . 0 2 7 1 2  0 .0136Y 0.0068M 0.0007 
SYM-VAL % 0.0001 

Z = 0 .1745  KFLRNE CONTOUR OFPHI f U E l  - A I R  R Q  
L l n l W l c  - rJi~g SPRAYJ 

7- l------ -7 I 1 I -1--- --__ -- 
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Figure 11. Fuel-Air Ratio Distribution (Run NO. 1) 
Plane in Line with Spray. 
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Figure 12. Fuel-Air Ratio Distribution (Run NO. 2 )  
Plane in Line with Spray. 
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PHOENIX ARIZONA 

CFFC C O M B U S T O R  930-036 SLTO UQ'NLOSS FLOW S P L I T S  , 3 - J E T S  , 7 ' j Y s p @ 4 ~  
SYH-VRL. 0 0.13F;Fja 0 .1017+  0 .0014X 0.06786 0.0!~42*P 0.0407X 0 . 0 2 7 1 2  0.013FiY C.O(16O# 0.00!;7 
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Figure 13. Fuel-Air Ratio Distribution (Run NO. 3 )  
Plane in Line w i t h  Spray. 
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CFFC C O M B U S T O R , 3 D - 0 3 0  r S L T 0 , Q Y L O S S  FLOW S P L I T S )  
Syn-VAL.  0 0.13St;a 0.1017+ 0.0814X 0.06700 0.0542'7'0.0407X 0.027!2 O.O13(iY C.0068X 0.0007 
srn-vAL m O.OOOI 

t 

2 SI 0.2966 KPLAYE CONTOUR OfPHI FUEL. - .A IR  R A  

i 

I 1 I 1 
1 . 5 [I 31.00 4 650 6 .on 7 .50  3 .90 10.59 12 .oo IF 

00 
X f C M l  

Figure 14. Fuel-Air Ratio Distribution (Run NO. 1) 
Plane 0 = 17-Degree. 
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GARRETT TURBINE ENGINE COMPANY 
A DIVISION OF THE GARRETT CORPORATION 
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C F F C  C O M B U S T O R  3 - 0 3 2  ( S L T O  VQNLOSS FLOW S P L I T S  m 3 - J E T S )  
SYH-VAL 0 0.1356A 0 .1017+  0 .08k4X 0.06780 0*054i* 0.0407X 0 . 0 2 7 1 2  0 .0136Y G . O O 6 R X  0.0007 
S Y i l - V A L  m 0.0001 

Z = 0.2966 KFLANF CONTOUR O R H l  F U E L - R I R  R Q  
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Figure 15. Fuel-Air Ratio Distribution (Run No. 2 )  
Plane 8 =  17-Degree. 
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Figure 16. Fuel-Air Ratio Distribution (Run NO. 3 )  
1 Plane 8 =  17-Degree. 
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CFFC C O M B U S T O R  ,30 -030  ( S I - T O  ,FINLOSS FLOW SPL J T S  1 
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Figure 17. Temperature Distribution (Run No. 1) 
Plane in Between Nozzle. 

21-4007 
2 5  



GARRETT TURBINE ENGINE COMPANY 
A DIVISION OF T n E  GARRETT CORPORATION 
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CFFC C O M B U S T O R , 3 0 - 0 3 2  ( S L T O S R N L O S S  FLOW S P L I T S S 3 - J E T S I  
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SYB-VAL X 1400, 
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Figure 18. Temperature Distribution (Run No. 2 )  
Plane in Between Fuel Nozzle. 
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Figure 19. Temperature Distribution (Run No. 3) 
Plane in Between Nozzle. 

21-4007 
27 



GARRETT TURBINE ENGINE COMPANY 
& DIVISION OF THE GARRETT CORPORATION 

PHOENIX ARIZONA 

CFFC COMBUSTOR , 30 -030  ( 5 L . T O  WQNLOSS F L O W  SPLITS 1 
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Figure 20. Temperature Distribution (Run NO. 1) 
Plane in Line with Primary Jet. 
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C t F C  C O M B U S T O R . 3 0 - 0 3 2  I S L T O S Q N L O S S  F L O W  S P L I T S . 3 - J E T S )  
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Figure 21. Temperature Distribution (Run No. 2) 
Plane in Line with Primary Jet. 
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Figure 22. Temperature Distribution (Run No. 3 )  
Plane in Line with Primary Jet. 
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Figure 23. Temperature Distribution (Run No. 1) 
Plane in Line with Spray. 
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@J 
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Figure 24. Temperature Distribution (Run No. 2) 
Plane in Line with Spray. 
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Figure 25. Temperature Distribution (Run No. 3) 
Plane in Line with Spray. 
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Figure 26. Temperature Distribution (Run No. 1) Plane 8 = 17-Degree. 
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Figure 27. Temperature Distribution (Run NO. 2) Plane 8 = 17-Degree. 
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Figure 28. Temperature Distribution (Run No. 2) Plane 8 = 17-Degree. 
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Figure 29. Temperature Distribution (Run No. 3) Plane 0 = 17-Degree. 
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PHOENIX ARIZONA 

c o n t a i n e d  better w i t h  a t h r e e - j e t  c o n f i g u r a t i o n ,  as shown by compar ing  
F i g u r e s  1 7  and  18. 

A f t e r  t h e  a n a l y s i s  of  t h e  o r i g i n a l  combus to r  c h a r a c t e r i s t i c s ,  t h e  
e f f o r t s  were c o n c e n t r a t e d  on r e d u c i n g  t h e  e x c e s s i v e  l i n e r  wall t e m -  
p e r a t u r e  below a l i n e r  peak o f  1700OF (927OC). T h e  a p p r o a c h  t h a t  was 
u s e d  i s  d i s c u s s e d  i n  t h e  f o l l o w i n g  p a r a g r a p h s .  

2.2 A n a l y s i s  a n d  O p t i m i z a t i o n  of t h e  C o o l i n s  A i r  D i s t r i b u t i o n  

2.2.1 C y l i n d r i c a l  L i n e r s  

The g o a l  f o r  t h i s  t a s k  was t o  r e d u c e  t h e  l i n e r - w a l l  t e m p e r a t u r e  
by a s i g n i f i c a n t  magn i tude  w i t h o u t  m o d i f y i n g  t h e  c o m b u s t i o n  process. 
The o v e r a l l  g e o m e t r i c  e n v e l o p e  o f  t h e  combus to r  was p r e s e r v e d ,  as were 
t h e  l o c a t i o n s  and  a i r f l o w  ra tes  of t h e  p r i m a r y  and  d i l u t i o n - z o n e  
or i f ices  and  of  t h e  dome swirlers. The  wal l  t e m p e r a t u r e s  predicted 
i n d i c a t e d  v e r y  s e v e r e  l i n e r  c o n d i t i o n s ;  c o n s e q u e n t l y ,  t h r e e  t e c h n i q u e s  
were employed t o  r e d u c e  t h e  wal l  t e m p e r a t u r e s  t o  a n  acceptable l e v e l :  

o C o n v e c t i v e  c o u n t e r f l o w - f  i l m  c o o l i n g  
o R e c t a n g u l a r  o f f  s e t - f  i n  p l a t e  c o o l i n g  
o E x t e n d e d  s u r f a c e - f  i l m  c o o l i n g  

For e a c h  t e c h n i q u e ,  t h e  c o o l a n t  f l o w e d  t h r o u g h  t h e  c o n v e c t i v e  or f i n  
p a s s a g e s  before i t  was i n j e c t e d  i n t o  t h e  h o t - c o m b u s t i o n  g a s e s .  

T h e  s e c o n d  c o o l i n g  scheme was e v a l u a t e d  o n l y  on  t h e  c y l i n d r i c a l  
s e c t i o n  of t h e  combustor .  The t r a n s i t i o n - l i n e r  g e o m e t r y  p r o h i b i t e d  
t h e  u s e  of t h e  o f f s e t - f i n  p la tes  i n  t h i s  area. The t e m p e r a t u r e  r e d u c -  
t i o n s  o b t a i n e d  ( f rom t h e  t h r e e  c o o l i n g  t e c h n i q u e s )  f o r  e a c h  s e c t i o n  of 
t h e  combus to r  are p r e s e n t e d  i n  t h e  f o l l c m i n g  p a r a g r a p h s .  
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T e c h n i q u e  1 - C o n v e c t i v e  Coun te r f  low-Film C o o l i n q  

S i n c e  t h e  c o o l a n t  f i l m  f l o w s  t h r o u g h  t h e  a n n u l u s  c h a n n e l  b e f o r e  
b e i n g  i n j e c t e d  i n  t h e  hot -combust ion  g a s e s ,  a n  i n c r e a s e  i n  h e a t  t r a n s -  
f e r  was e x p e c t e d  i f  t h e  v e l o c i t y  o f  t h e  c o o l a n t  was s i g n i f i c a n t l y  
i n c r e a s e d .  T h i s  was a c h i e v e d  by f o r c i n g  t h e  a i r  t o  f l o w  t h r o u g h  con- 
f i n i n g  c h a n n e l s .  The r a t i o  (F) o f  these c o n v e c t i v e  p a s s a g e s '  cross 
s e c t i o n  t o  t h e  c o o l a n t  m e t e r i n g  h o l e s  e f f e c t i v e  area was v a r i e d  f r o m  
F = 1.5 t o  F = 3. A f u l l y  developed f low- in -a -p ipe  approach a l l o w e d  
t h e  c o m p u t a t i o n  o f  t h e  f r i c t i o n a l  p r e s s u r e  drop i n  t h e  c o o l a n t  
c h a n n e l .  

On t h e  o u t e r  l i n e r ,  F i g u r e s  30 t h r o u g h  32, s i g n i f i c a n t  improve-  
m e n t s  i n  c o o l i n g  were a c h i e v e d ;  however ,  t h e  t e m p e r a t u r e  l e v e l s  
r ema ined  u n a c c e p t a b l y  h i g h .  Al though t h e  p r e s s u r e  d r o p  i n c r e a s e d  to 
1 p s i ,  t h e  p r i m a r y - p a n e l  w a l l  t e m p e r a t u r e  was r e d u c e d  to  1800OF o n l y  
when c o o l a n t - f i l m  f l o w  was i n c r e a s e d  t o  4 p e r c e n t  of  t h e  t o t a l  a i r -  
f l o w .  

On t h e  i n n e r  l i n e r  ( F i g u r e s  33 t h r o u g h  3 5 ) ,  t h e  wa l l  t e m p e r a t u r e  
p r o f i l e s  were g r e a t l y  improved due  t o  t h e  i n c r e a s e d  f l o w  v e l o c i t y  
a l o n g  t h e  l i n e r - w a l l  c o l d  s i d e .  The p r i m a r y  and  t h e  f i r s t - d i l u t i o n  
p a n e l  r e q u i r e d  more c o o l a n t  f low t o  l i m i t  t h e  temperature r i se .  The  
s e c o n d - d i l u t i o n  p a n e l  d i s p l a y e d  a s a t i s f a c t o r y  t e m p e r a t u r e  p r o f i l e  b u t  
a l so  r e s u l t e d  i n  a r e l a t i v e l y  l a r g e  pressure d r o p .  I n  order t o  
i n c r e a s e  t h e  h e a t  t r a n s f e r  and r e d u c e  t h e  p r e s s u r e  d r o p  o f  t h e  
c o o l a n t ,  a se t  o f  f i n s  w i t h  h i g h e r  h e a t - t r a n s f e r  c o e f f i c i e n t s  and  
l a r g e r  c h a n n e l  area were i n v e s t i g a t e d .  

21-4007 
39 



GARRETT TURBINE ENGINE COMPANY 
A DIVISION OF THE GARRETT CORPORATION 

PHOENIX ARIZONA 

Figure 30. Second-Dilution Panel Outer Liner Temperature 
Distribution ( X  = 3 inches to 4.5 inches). 
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Figure  31 .  F i r s t - D i l u t i o n  P a n e l  Outer Liner Temperature 
D i s t r i b u t i o n  ( X  = 1 . 5  i n c h e s  to 3 i n c h e s ) .  
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Figure  32.  Primary Panel  Outer Liner Temperature D i s t r i b u t i o n  
( X  = 0 i n c h e s  to 1 . 5  i n c h e s ) .  
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Figure  33 .  Primary Panel  Inner Liner Temperature D i s t r i b u t i o n  
(X = 0 Inch to 1 . 5  I n c h e s ) .  
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Figure 34. First-Dilution Panel Inner Liner Temperature 
Distribution (X = 1.5 Inches to 3 Inches). 
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Figure  35 .  Second-Dilution Pane l  Inner Liner Temperature 
D i s t r i b u t i o n  ( X  = 3 I n c h e s  to  4 I n c h e s ) .  
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T e c h n i q u e  2 - R e c t a n g u l a r  O f f s e t - F i n  P l a t e  

The  need  f o r  small  s i z e ,  l i g h t w e i g h t ,  h i g h  p e r f o r m a n c e  h e a t -  
e x c h a n g e r s  i n  a n  e n e r g y - s a v i n g  era h a s  r e s u l t e d  i n  t h e  deve lopmen t  of  
p l a t e - f i n  h e a t - e x c h a n g e r s  f o r  a m u l t i t u d e  of a p p l i c a t i o n s .  The 
Garret t  r e c t a n g u l a r  o f f s e t - f i n  p la tes ,  as shown i n  F i g u r e  3 6 ,  are  
e x t r e m e l y  p romis ing .  The f i n s  are  s t a g g e r e d  i n  c o n s e c u t i v e  rows of 

s h o r t  l e n g t h .  The f i n s  are o f f s e t  t o  p r e v e n t  a f u l l y  d e v e l o p e d  flow 
a n d ,  t h e r e b y ,  take a d v a n t a g e  of  t h e  i n c r e a s e d  h e a t - t r a n s f e r  r a t e  of  
t h e  c o n t i n u o u s l y  i n t e r r u p t e d  boundary  l a y e r .  T n i s  e f f e c t  is t r a n s -  
l a t e d  i n t o  h i g h e r  h e a t  t r a n s f e r  c o e f f i c i e n t s .  Empir ical  h e a t  t r a n s f e r  
and f l o w - f r i c t i o n  d a t a  was a v a i l a b l e  f o r  s e v e r a l  r e c t a n g u l a r  o f fse t -  

f i n  c o n f i g u r a t i o n s ;  t h e  n o n d i m e n s i o n a l  C o l l b u r n  c o e f f i c i e n t  and  t h e  
r a t i o  of  t h e  f r i c t i o n  f a c t o r  t o  t h e  C o l b u r n  c o e f f i c i e n t  v e r s u s  t h e  
R e y n o l d s  number based  o n  t h e  f i n  h y d r a u l i c  d i a m e t e r ,  a l l o w e d  computa- 
t i o n  o f  t h e  h e a t - t r a n s f  er and p r e s s u r e - l o s s  c o e f f i c i e n t s .  

The  o f f s e t  f i n s  are g e o m e t r i c a l l y  c h a r a c t e r i z e d  by t h e i r  d e n s i t y ,  
shape, h e i g h t ,  w a l l  t h i c k n e s s ,  a n d  f i n  l e n g t h :  

20R - 0.050 - 0.100 - 0.002 

Shape  of f i n  F i n  l e n g t h  i n  
c h a n n e l  t h e  f l o w  d i r e c -  

r i i n  H e i g h t  (in.11 

t i o n  ( i n . )  

The m o n t h l y  t e c h n i c a l  p r o g r e s s  reports gave  a n  e x t e n s i v e  compar- 
i s o n  of each a v a i l a b l e  f i n s  p e r f o r m a n c e  w i t h i n  t h e  f r a m e  of  t h e  pre- 
s e n t  a p p l i c a t i o n .  An i t e r a t i v e  process was e s t a b l i s h e u  t o  m a t c h  a i r -  

. f l o w  d i s t r i b u t i o n  w i t h  f i n  p e r f o r m a n c e s ,  temperature r e d u c t i o n ,  and  
p r e s s u r e  d r o p  pena l t ies .  
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Figure 3b. Typical Rectangular Offset-Fin-Plate-Fin Heat Exchanger. 
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D i f f e r e n t  g e o m e t r i c a l  c o n f i g u r a t i o n s  were i n v e s t i g a t e d  t o  mini -  
mize  t h e  wall  t e m p e r a t u r e  f o r  t h e  l eas t  f l o w  p e n a l t y  . Among these ,  
t h e  o r i g i n a l  c o o l i n g  c o n f i g u r a t i o n  was m o d i f i e d  t o  i n c o r p o r a t e  t h e  

d i l u t i o n  and  p r i m a r y  j e t s ,  by i n c o r p o r a t i n g  a c o n v e c t i v e  a n n u l a r  
c h a n n e l  e x t e n d i n g  u p s t r e a m  f rom t h e i r  i n j e c t i o n  l o c a t i o n  (see 
F i g u r e  38). Hence, t h e  s u r f a c e  area c o v e r e d  by t h e  t i n  c o o l a n t  was 
reduced g r e a t l y .  The l a r g e  amount of: jet-airflow (of t h e  order of 10 
t o  1 2  p e r c e n t )  would have  a l l o w e d  a r e d u c t i o n  of  t h e  c o o l a n t  tempera-  
t u r e  a t  t h e  e n t r a n c e  of t h e  f i n  s e c t i o n  (a t  L = 1 . 0  i n c h ) .  Hence,  a n  
improved w a l l - t e m p e r a t u r e  d i s t r i b u t i o n  would have  b e e n  o b t a i n e d  f u r -  
t h e r  downst ream.  The c o n v e c t i v e  c h a n n e l  h e i g h t  c h o s e n  t o  ma tch  t h e  

f i n  h e i g h t  r e s u l t e d  i n  a h i g h  v e l o c i t y  i n  t h e  p a s s a g e ;  c o n s e q u e n t l y ,  
t h e  r a t e  o f  heat t r a n s f e r  i n c r e a s e d  a l o n g  t h e  f i r s t  par t  of t h e  p a n e l  
( L  = 0 . 5  i n c h ) ,  a l o n g ,  u n f o r t u n a t e l y ,  w i t h  t h e  c o o l a n t  t e m p e r a t u r e .  
T h i s  was c o n t r a r y  to  t h e  d e s i r e d  e f f e c t .  
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The o r i g i n a l  combustor  airflow p r e d i c t i o n s  were c h a r a c t e r i z e d  by 
a l a r g e  amount of a i r  (13 p e r c e n t  o f  t h e  t o t a l  mass f l o w )  t o w a r d s  t h e  

t r a n s i t i o n - l i n e r  r e g i o n  ( r e f e r  to F i g u r e  1). A more appropriate d i s -  
t r i b u t i o n  w o u l d  f a v o r  t h e  o v e r a l l  r e d u c t i o n  of  c o m b u s t o r - t r a n s i t i o n  
l i n e r  w a l l  t e m p e r a t u r e s .  

The p r i m e  o b j e c t i v e  was to  d e t e r m i n e  among t h e  e x i s t i n g  and  
a v a i l a b l e  o f f s e t - f i n  t o o l i n g ,  a c o n f i g u r a t i o n  t h a t  would e n s u r e  
a c c e p t a b l e  wa l l  t e m p e r a t u r e s  and minimum f r i c t i o n  losses. A l s o  t a k e n  
i n t o  a c c o u n t  was s e v e r e  tool m a n u f a c t u r i n g  r e s t r i c t i o n s  i n  t h e  c h o i c e  
of t h e  shape, ra t ios  of  wal l  t h i c k n e s s  t o  f i n  h e i g h t ,  and  maximum f i n  
d e n s i t y  ( d u e  t o  t h e  d i f f i c u l t y  o f  f o r m i n g  t h e  H a s t e l l o y  X f i n  
mater ia l ) .  

The l o c a t i o n  o f  t h e  p r i m a r y  and  d i l u t i o n s  j e t s  were examined 
c a r e f u l l y  f rom t h e  p o i n t  of  view of  b o t h  f l u i d  m e c h a n i c s  and  manu- 
f a c t u r i n g  cost ( F i g u r e  37). The complex f l o w  d i s t r i b u t i o n  a r o u n d  t h e  

l a r g e  j e t  h o l e s  a n d  t h e  u n i d i r e c t i o n a l  f l o w  f e a t u r e  of t h e  f i n s  
created f l o w  n o n u n i f o r m i t i e s  and t h e  r e s u l t  was a lack of c o o l a n t  
downstream o f  t h e  j e t  holes. 

I 

P 



GARRETT TURBINE ENGINE COMPANY 
A DIVISION OF THE GARRETT CORPORATION 

PHOENIX ARIZONA 

AREA WITH LACK OF COOLANT 

Figure 37. Lack of Coolant Due t o  J e t s  Holes Obstruction. 
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F i g u r e  3 8 .  Primary Zone (Outer-Liner). 
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One c o n f i g u r a t i o n  ( F i g u r e  39) l e d  t o  s i g n i f i c a n t  wall t e m p e r a t u r e  
r e d u c t i o n s .  

On t h e  i n n e r  l i n e r ,  a co f low c o o l i n g  c o n f i g u r a t i o n  a l o n g  t h e  p r i -  
mary and  f i r s t - d i l u t i o n  p a n e l s  t o o k  a d v a n t a g e  of t h e  free-stream 
dynamic  head .  I n  o r d e r  t o  i n c r e a s e  h e a t - t r a n s f e r  a l o n g  t h e  o u t e r  wa l l  
w i t h o u t  a f f e c t i n g  t h e  f l o w  d i s t r i b u t i o n ,  t h e  r e s u l t s  of t h e  thermal 
and  s t ress  a n a l y s i s  showed t h a t  t h e  series of  20 f i n s  per i n c h  pro- 
v i d e d  s a t i s f a c t o r y  wal l  t e m p e r a t u r e s .  F i g u r e  40 shows t h e  t e m p e r a t u r e  
p r o f i l e  for t h e  p r i m a r y  panel. A r e d u c t i o n  m a i n l y  i n  f i n  h e i g h t  (from 
f i n  t y p e  20R-075-0.100-0.004 to f i n  t y p e  20R-0.050- 0.100-0.002) l e d  

t o  a n  a p p r e c i a b l e  c o o l a n t  f low r e d u c t i o n  ( f r o m  4 p e r c e n t  t o  1 per- 
c e n t ) .  An acceptable t e m p e r a t u r e  (1540'F) was p r e d i c t e d  a t  t h e  e x i t  
of t h e  f i n  p a s s a g e  ( a t  X = 1, where  t h e  p r i m a r y  j e t s  were l o c a t e d ) ,  
e v e n  a t  a c o o l i n g  f i l m  f l o w  as low as  1 p e r c e n t .  However, a r o u n d  
X = 0.9 ,  t h e  p r e d i c t i o n s  showed a f i l m  c o o l i n g  e f f e c t i v e n e s s  o f  
q = 0.13 .  I n c r e a s i n g  t h e  c o o l a n t  f l o w  to  2 p e r c e n t  i n c r e a s e d  t h e  

e f f e c t i v e n e s s  t o  77 = 0.27, a l l  other c o n d i t i o n s  b e i n g  c o n s t a n t .  T h e s e  

were more r e a l i s t i c ,  c o n s i d e r i n g  t h e  need  t o  p r o v i d e  a c o o l i n g  means 
downst ream,  be tween  t h e  p r imary  j e t  holes and  t h e  c o o l i n g  s l o t  of t h e  
n e x t  p a n e l .  Hence, 2 p e r c e n t  of f i l m  c o o l a n t  f l ow is p l a n n e d  for  t h e  

p r i m a r y  zone .  

Along t h e  d i l u t i o n  p a n e l  ( F i g u r e  41), t a l l e r  f i n s  were used t o  
allow f o r  t h e  l a r g e r  mass flow. Again ,  a s i g n i f i c a n t  r e d u c t i o n  i n  
c o o l a n t  f l o w  was o b t a i n e d .  The f i l m  e f f e c t i v e n e s s  dropped t o  77 = 0.045 
a t  x = 1.2 i n c h  a t  t h e  lowest f l o w  rate.  Hence, a c o o l a n t  f l o w  of 
2 p e r c e n t ,  f o r  w h i c h  t h e  f i l m  e f f e c t i v e n e s s  is rl = 0.18, h a s  b e e n  
c h o s e n  t o  p r o v i d e  a n  e f f e c t i v e  f i l m  p r o t e c t i o n  f u r t h e r  downstream. 

I n  t h e  second  d i l u t i o n  p a n e l  ( F i g u r e  42), acceptable w a l l  t e m -  
p e r a t u r e s  were o b t a i n e d  w i t h  a c o u n t e r f l o w  c o o l i n g  scheme ( f i n s  
20R-0.050-0.100- 0.002 and c o o l i n g  f l o w  of 1.4 p e r c e n t ) .  P r o t e c t i o n  
of  t h e  d o u b l e  wa l l  was f u l l y  a c h i e v e d .  
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T Figure 39. F l o w  Distribution. 
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F i g u r e  40.  Inne r  Liner ( P r i m a r y  Zone) .  
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Figure 41. Inner Liner (First-Dilution Zone) .  
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Figure 42. Inner Liner (Second-Dilution Zone). 
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On t h e  o u t e r  l i n e r ,  t h e  p r i m a r y  and f i r s t - d i l u t i o n  p a n e l  were 
cooled i n  a c o u n t e r - f l o w  manner u s i n g  20R-050-0.100-0.002 f i n s  w i t h  
7 p e r c e n t  and 6 p e r c e n t ,  r e s p e c t i v e l y ,  o f  t h e  t o t a l  a i r f l o w .  The 
s e c o n d - d i l u t i o n  p a n e l  b e n e f i t t e d  from t h e  h i g h  v e l o c i t y  i n  t h e  a n n u l u s  
to  r e d u c e  t h e  t e m p e r a t u r e  t o  an  a c c e p t a b l e  l e v e l .  A r o u g h e n i n g  t r ea t -  
ment  was u s e d  o n  t h e  o u t s i d e  wall  t o  e n h a n c e  t h e  h e a t - t r a n s f e r  ra te  
which  permit ted a r e d u c t i o n  of t h e  c o o l a n t  amount t o  o n e  p e r c e n t  of  
t h e  combus to r  a i r f low (refer  t o  S tep  3 "Extended  S u r f a c e  F i lm-Coo l ing"  
and F i g u r e  4 5 ) .  

Along t h e  p r i m a r y  zone o f  t h e  o u t e r  l i n e r  ( F i g u r e  4 3 ) ,  a c o o l a n t  
f l o w  o f  7 p e r c e n t  was r e q u i r e d  t o  e n s u r e  s i g n i f i c a n t  t e m p e r a t u r e  
r e d u c t i o n s .  The f i l m  t e m p e r a t u r e  a t  t h e  i n j e c t i o n  was 12OOOF. T h e  

h i g h e r  t e m p e r a t u r e  o f  t h e  c o o l a n t  a t  t h e  i n j e c t i o n  s lo t  ca l led  f o r  a 
g r e a t e r  c o o l a n t  amount t h a n  o n  t h e  i n n e r  l i n e r s .  A s imi la r  c o n c l u s i o n  
was deduced  from t h e  d i l u t i o n  p a n e l  ( F i g u r e  44 )  where  two w a l l  tem- 
p e r a t u r e  p r o f i l e s  were p l o t t e d .  They c o r r e s p o n d e d  t o  a f u e l - a i r  r a t i o  
( f / a )  b a s e d  on a p r e d i c t e d  e q u i v a l e n c e  r a t i o  (0 .67 )  f o r  o n e ,  and o n  
t h e  u s u a l  e x p e r i m e n t a l l y - o b s e r v e d  e q u i v a l e n c e  r a t i o  o f  0.8 f o r  t h e  
o t h e r .  The f / a  a r e  0 .0458 and 0.054 r e s p e c t i v e l y .  A c o o l a n t  f l o w  of 
6 p e r c e n t  was s e l e c t e d .  

I t  s h o u l d  be n o t e d  t h a t  t h e  f i n  t y p e  2813-0.050-0.100-0.004, 
u n f o r t u n a t e l y  n o t  a v a i l a b l e  i n  h a r d  mater ia l ,  would have  allowed a 
s i g n i f i c a n t  r e d u c t i o n  i n  t h e  amount of  a i r  s p e n t  f o r  c o o l i n g  ( 5  per- 
c e n t  i n s t e a d  of 7 p e r c e n t ) ,  a t  a r e l a t i v e l y  s imi l a r  p r e s s u r e  drop 
(1.5 p s i ) ,  see F i g u r e  43. H i g h - d e n s i t y  f i n s  may p r o v i d e  f u r t h e r  
c o o l a n t  decrease, i f  t h e y  are d e v e l o p e d  i n  t h e  f u t u r e .  T h e  S t a n t o n  
number is 30 p e r c e n t  h i g h e r  for t h e  d e n s e r  f i n s .  T h i s  d e m o n s t r a t e s  
t h e i r  h i g h  p o t e n t i a l .  

The selection of t h e  f i n s  as a n  optimal c o o l i n g  scheme r e q u i r e d  a 
s l i g h t  c h a n g e  i n  t h e  amount o f  a i r  f l o w i n g  t h r o u g h  t h e  swi r l e r ,  
25.43 p e r c e n t  i n s t e a d  of 26.93 p e r c e n t .  
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Figure  4 3 .  Oute r  Liner (Primary Zone) .  
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Figure 44. Outer Liner (First-Dilution Zone). 
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Figure 45. Outer Liner (Second-Dilution Zone). 
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The recommended c o o l i n g  c o n f i g u r a t i o n  g i v e s  a wal l  t e m p e r a t u r e  
d i s t r i b u t i o n  t h a t  is d i s p l a y e d  i n  F i g u r e s  46  t h r o u g h  50. 

T e c h n i q u e  3 - Extended  S u r f  ace-Film C o o l i n g  

I t  is w e l l  known t h a t  t h e  h e a t - t r a n s f e r  ra te  o v e r  a s u r f a c e  c a n  
be s i g n i f i c a n t l y  i n c r e a s e d  (by  as much as a f a c t o r  o f  t w o )  i f  a r o u g h  
r a t h e r  t h a n  a smooth wall  is p r e s e n t e d  t o  t h e  f l o w .  

The d e t e r m i n a t i o n  o f  t h e  r o u g h n e s s  h e i g h t  r e q u i r e d  d e p e n d s  o n  
s u c h  parameters a s  c o o l a n t  p a s s a g e  g e o m e t r y  and  f l o w  Reyno lds  number. 

The g rowing  i n t e r e s t  i n  t u r b u l e n t  f l o w  across rough  s u r f a c e s  h a s  
b e e n  prompted by t h e  n e e d  t o  a c c u r a t e l y  predict  a i r c r a f t  d r a g  to  e v a l -  
u a t e  a i r c r a f t  pe r fo rmance .  T h e  p r e d i c t i o n  of t h e  h e a t - t r a n s f e r  g a i n  
t h r o u g h  i n c r e a s e d  t u r b u l e n c e  and  o f  t h e  s k i n - f  r i c t i o n  p e n a l t y  t h r o u g h  
i n c r e a s e d  d r a g  g r e a t l y  a f f e c t s  t h e  d e s i g n  o f  a heat e x c h a n g e r .  

D i f f e r e n t  r o u g h n e s s  c o n d i t i o n s  i n  a t u r b u l e n t  pipe f l o w  have  been  
o b s e r v e d  and  d i v i d e d  i n t o  t h r e e  r e g i o n s  [ S c h l i c h t i n g ( ' )  I * .  

HYDRAULIC SMOOTH 0 <y k S U T  < 5 Cf = C i ( R e )  

Cf = C o e f f i c i e n t  of f r i c t i o n  
UT = F r i c t i o n  v e l o c i t y  
ks = Sand g r a i n  r o u g h n e s s  h e i g h t  
v = K i n e m a t i c  v i s c o s i t y  

The s i z e  o f  t h e  r o u g h n e s s  is so small  t h a t  a l l  p r o t r u s i o n s  are  con- 
t o u r e d  w i t h i n  t h e  l a m i n a r  s u b l a y e r .  

----._ 
* R e f e r e n c e s  are  l i s t e d  a t  t h e  e n d  of S e c t i o n  3.0.  
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Figure 46. Outer Liner (First-Dilution Panel). 
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Figure 4 7 .  Outer Liner (Primary Zone) .  
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Figure  4 8 .  Inner Liner (Primary Zone). 
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Figure 49. Inner Liner (First-Dilution Zone). 
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Figure 50. Inner Liner (Second-Dilution Zone). 
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kS < 70 Cf  = Cf (-, R e )  kS 'T TRANSITION KEGION 5 < 7 
h 

I n  t h e  t r a n s i t i o n  r e g i o n  p r o t r u s i o n s  e x t e n d  p a r t l y  o u t s i d e  t h e  l a m i n a r  
s u b l  a y e r  . 

2 70 ks COMPLETELY ROUGH 7 

I n  t h e  case of c o m p l e t e l y  rough  s u r f a c e ,  a S t a n t o n  number based o n  t h e  

h e a t - t r a n s f e r  t h r o u g h  t h e  s u b l a y e r ,  and  d e f i n e d  as B = 2--- PCU, (Th-TW) 
h a s  been  r e l a t e d  to  a S t a n t o n  h e a t - t r a n s f e r  number based  o n  t h e  a v e r -  
a g e  f l o w  properties:  

where:  

h e a t - t r a n s f  er 
f l u i d  d e n s i t y  
s p e c i f i c  h e a t  
t e m p e r a t u r e  a t  t h e  e d g e  o f  t h e  s u b l a y e r  
w a l l  t e m p e r a t u r e  
a v e r a g e  t e m p e r a t u r e  across a s e c t i o n  
average v e l o c i t y  across a s e c t i o n  
f r i c t i o n  v e l o c i t y  

The r e l a t i o n  is: 

1 

i 

1 
I 
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Owen and Thompson (2 )  have empir ical ly  d e t e r m i n e d  t h e  local  
S t a n t o n  number B t o  be a p p r o x i m a t e l y :  

B 

where:  a = c o n s - a n t  = 0.52 
P r  = f l u i d  P r a n d l t  number 
U T  = f r i c t i o n  v e l o c i t y  

Combining t h e  t w o  r e l a t i o n s h i p s  and  t a k i n g  i n t o  a c c o u n t  t h e  d e f i n i t i o n  

o f  t h e  f r i c t i o n  v e l o c i t y  UT = Um F g i v e s :  

S t  = - Cf 1 

+ 12 .6  
0.45 pro* '  0 .45 0.725 

1+0.52 R e k  

- 'rnk 
Rek - where:  

The knowledge of t h e  f r i c t i o n  c o e f f i c i e n t  cf i s  a p r e r e q u i s i t e  to  com- 
p u t e  t h e  h e a t - t r a n s f e r .  

For a flow i n  a c h a n n e l  most of t h e  i n c o m p r e s s i b l e  s k i n  f r i c t i o n  
laws are w e l l  a p p r o x i m a t e d  by t h e  P r a n d l t - S c h l i c h t i n g  (') law as: 

where :  Rh = h y d r a u l i c  r a d i u s  
k s  = sand  g r a i n  h e i g h t  
X = S c h l i c h t i n g  f r i c t i o n  f a c t o r  (1 1 
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The P r a n d l t  S c h l i c h t i n g  law was d e r i v e d  f rom N i k u r a d s e ' s  e x p e r i -  
m e n t a l  da ta  o b t a i n e d  w i t h  s a n d  g r a i n s .  A g r e a t  dea l  o f  e f f o r t  was 
expended ,  c o r r e l a t i n g  i n  a c o n v e n i e n t  manner any  g i v e n  r o u g h n e s s  w i t h  

i t s  s a n d  g r a i n  e q u i v a l e n c e .  

A correlat ion by D i r l i ~ ~ g ' ~ )  h a s  been used  h e r e  

3*78  of H < 4.93 kS - = 0.0164 H k 

- - -  ks - 13' i f  H G 4 . 9 3  k H1.9 

under  t h e  form: 

ks = e q u i v a l e n t  s a n d  g r a i n  r o u g h n e s s  , , e ig l l t  

k = roughness  h e i g h t  

H is an  e m p i r i c a l  parameter r e l a t i n g  t h e  r o u g h n e s s  s i z e  t o  i t s  
s p a c i n g :  

where:  lr = s p a c i n g  be tween r o u g h n e s s  e l e m e n t s  

A s  = roughness  s u r f a c e  area p r e s e n t e d  t o  t h e  flow 
A p  = p r o j e c t i o n  o f  A s  o n  a p l a n e  p e r p e n d i c u l a r  t o  t h e  f low 

k = r o u g h n e s s  h e i g h t  

The s i z e  of t h e  r o u g h n e s s  h e i g h t  was d e t e r m i n e d  t o  p r o v i d e  h i g h  
h e a t - t r a n s f  er c o e f f i c i e n t  and  l o w - p r e s s u r e  drop. 

S e v e r a l  c o n f i g u r a t i o n s  of r o u g h n e s s  and  s p a c i n g  were examined.  
Because  t h e  D i r l i n g  c o r r e l a t i o n  h a s  been e x t e n s i v e l y  a p p l i e d  to  liemi- 

s p h e r i c  and  c o n i c a l  r o u g h n e s s ,  a h e m i s p h e r l i k e  s h a p e  was u s e d .  

F i g u r e s  5 1  and 52 show t h e  S t a n t o n  number v a r i a t i o n  w i t h  rough-  
n e s s  h e i g h t .  The p r e s s u r e  drop p e n a l t y  was c l e a r l y  d i s p l a y e d .  
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F i g u r e  5 2 .  Heat T r a n s f e r  and P r e s s u r e  Drops Over a Roughened Wall. 
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2.2.2 T r a n s i t i o n  L i n e r  

The f l o w  d i s t r i b u t i o n  i n  t h e  t r a n s i t i o n  l i n e r s  was res t r ic ted i n  
o r d e r  t o  m i n i m i z e  t h e  amount o f  c o o l a n t  and  u s e d  a c o u n t e r - f l o w  
scheme.  

T h e  c o n s i d e r a b l e  d i f f i c u l t y  t o  f a b r i c a t e  t r a n s i t i o n  l i n e r s  w i t h  
o f f s e t - f i n  p la tes  p roh ib i t ed  t h e i r  u s e  i n  f a v o r  o f  t h e  e x t e n d e d  s u r -  
face c o o l i n g  t e c h n i q u e .  Because o f  m a n u f a c t u r i n g  c o n s t r a i n t s ,  s e v e r a l  
e q u i v a l e n t  r o u g h n e s s  h e i g h t s  ( r e l a t i v e  t o  t h e  s a n d - g r a i n  e q u i v a l e n c e  
r e l a t i o n s h i p )  were made a v a i l a b l e  f o r  t r i a l  f a b r i c a t i o n .  

The f i r s t  c o n f i g u r a t i o n  c a l l e d  f o r  an o u t e r - t r a n s i t i o n  l i n e r  t h a t  
i n v o l v e d  f i v e  i n d e p e n d e n t l y - f e d  l i n e r  s e c t i o n s  as  shown p r e v i o u s l y  i n  
F i g u r e  39.  For t h e  second d i l u t i o n  zone  o f  t h e  outer  l i n e r ,  a n  
e q u i v a l e n t  s a n d  g r a i n  roughness  h e i g h t  of 0 . 0 2 0  i n c h  was selected to  
be t h e  optimal sand  g r a i n  roughness  h e i g h t .  T h e  w a l l  temperature 
d i s t r i b u t i o n  a c h i e v e d  was g iven  i n  F i g u r e  4 5 .  

A comprehens ive  i n v e s t i g a t i o n  was u n d e r t a k e n  i n  t h e  s i i n p l i f  ica- 
t i o n  of t h e  t r a n s i t i o n - l i n e r  geometry .  A l t h o u g h  t h e  a b o v e  c o o l i n g  
c o n f i g u r a t i o n  e n s u r e d  a n  a c c e p t a b l e  wall-temperature d i s t r i b u t i o n  
a l o n g  t h e  o u t e r - t r a n s i t i o n  l i n e r ,  e x i s t i n g  p o t e n t i a l  d i f f i c u l t i e s  i n  
m a n u f a c t u r i n g  and a s s e m b l y  a c c u r a c y  c a l l e d  f o r  a s i m p l i f i e d  conf  i g u r a -  
t i o n .  

C o m b i n a t i o n s ,  of  t w o  or more a d j a c e n t  s e c t i o n s  of t h e  t r a n s i t i o n  
l i n e r s  were examined.  I n  o r d e r  t o  r e t a i n  t h e  c o u n t e r f l o w  c o o l i n g  
scheme and  m a i n t a i n  a c o n s t a n t  f l o w  v e l o c i t y  a l o n g  the combined p a n e l s  
(see F i g u r e  53), t h e  f low-passage  h e i g h t  a l o n g  t h e  downstream p a n e l  
a p p r o x i m a t e l y  d o u b l e d  w i t h  the i n c r e a s e d  f l o w  rate .  A s  t h e  f l o w  
changed  f rom 4 . 2  p e r c e n t  t o  2.4 p e r c e n t  f r o m  P a n e l  I1 t o  P a n e l  I ,  t h e  

p a n e l  h e i g h t s  changed  froin .06 t o  .03 i n c h e s ,  r e s p e c t i v e l y .  
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Figure 53. Panel Combination. 
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A l t h o u g h  t h e  w a l l  t e m p e r a t u r e s  were r e d u c e d  s i g n i f i c a n t l y  (as  
shown i n  F i g u r e s  5 4  and  55), t h e  p r e s s u r e  drop (0 .8  p s i )  r e s u l t i n g  
from t h e  c o m b i n a t i o n  p r o h i b i t e d  a l o n g e r  c o m b i n a t i o n .  P a n e l  111, 

t h e r e f o r e ,  was combined w i t h  P a n e l  IV t o  m a k e  a s i n g l e  c o o l a n t  
p a s s a g e .  Temperature d i s t r i b u t i o n s  are shown i n  F i g u r e s  56 t h r o u g h  
58. P a n e l  V was f e d  i n d e p e n d e n t l y  w i t h  t h e  same c o o l a n t  mass f l o w  
(1 p e r c e n t ) .  

A t h i r d  c o n f i g u r a t i o n  was d e r i v e d  f rom t h e  thermal and  s t ress  
a n a l y s i s  of t h e  i n n e r -  and  o u t e r - t r a n s i t i o n  l i n e r s  and  i s  d i s c u s s e d  i n  
t h e  f o l l o w i n g  p a r a g r a p h s .  

2.2.2.1 O u t e r - T r a n s i t i o n  L i n e r  The rma l  a n d  S t r e s s  A n a l y s i s  

A t h e r m a l  and  stress a n a l y s i s  was u n d e r t a k e n  i n  order t o  de t e r -  
mine  t h e  t h e r m a l  d e f l e c t i o n s  of t h e  o u t e r - t r a n s i t i o n  l i n e r ' s  f l o w  
c h a n n e l s  and  s lo t  g a p s .  M a i n t a i n i n g  t h e  specified c h a n n e l  and s lo t  
h e i g h t s  were c r i t i c a l  t o  t h e  c o r r e c t  c o o l i n g  of t h e  o u t e r - t r a n s i t i o n  
l i n e r .  

The thermal d e f l e c t i o n  a n a l y s i s  was performed by a p p l y i n g  t h e  
t r a n s i t i o n - l i n e r ' s  t e m p e r a t u r e  d i s t r i b u t i o n  t o  t h e  f i n i t e - e l e m e n t  
model ,  as shown i n  F i g u r e  59. Only t h e  f i r s t  f o u r  p a n e l s  of t h e  outer- 
t r a n s i t i o n  l i n e r  were modeled i n  t h e  i n i t i a l  a n a l y s i s .  No t e m p e r a t u r e  
v a r i a t i o n  i n  t h e  s h e e t - t h i c k n e s s  d i r e c t i o n  was assumed i n  t h i s  a n a l -  
y s i s .  O u t e r - s h e e t  temperatures were c a l c u l a t e d  b a s e d  on t h e  c o o l i n g  
f l o w ' s  h e a t - t r a n s f e r  c o e f f i c i e n t s  and  t e m p e r a t u r e s .  R a d i a t i o n  was n o t  
i n c l u d e d  be tween t h e  i n n e r  and  o u t e r  s h e e t s  of t h e  t r a n s i t i o n  l i n e r .  
T h e  t e m p e r a t u r e  d i s t r i b u t i o n  used i n  t h e  thermal a n a l y s i s  is shown i n  
F i g u r e  60 ,  and  t h e  r e s u l t i n g  t h e r m a l  d e f l e c t i o n s  a re  shown i n  
F i g u r e  61 .  

R e l a t i v e  m o t i o n s  a t  t h e  f o u r  d i m p l e  l o c a t i o n s  are  a l s o  shown i n  
F i g u r e  61 .  T h e  top t w o  dimples showed c l o s u r e s  for t h e  maximum- 
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F i g u r e  54 .  T r a n s i t i o n  L i n e r  ( P a n e l  I ) .  
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Figure  5 5 .  Transition Liner  (Panel 11). 
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F i g u r e  56. T r a n s i t i o n  L i n e r  ( P a n e l  111). 
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F i g u r e  57. T r a n s i t i o n  L i n e r  (Panel I V ) .  

21-4007 
77 



GARRETT TURBINE ENGINE COMPANY 
A OlVlSiON OF THE GARRETT CORPORATION 

PHOENIX ARIZONA 

Figure 58. Transition Liner (Panel VI. 
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Figure 59. Initial Finite-Element Model. 
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Figure 60. Initial Temperature Distribution. 
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F i g u r e  61. T h e r m a l  D e f l e c t i o n s  and  D i m p l e  R e l a t i v e  Motions. 
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t e m p e r a t u r e  c o n d i t i o n  w h i l e  r e l a t i v e  m o t i o n s  were o p e n i n g  a t  t h e  lower 
two dimple l o c a t i o n s .  P a n e l s  I11 and  I V  combined had spec i f i ed  
c h a n n e l  h e i g h t s  of 0.030 i n c h e s  and 0.060 i n c h e s ,  r e s p e c t i v e l y ,  f o r  
t h e  maximum d e s i g n  o p e r a t i n g  c o n d i t i o n .  Computed g a p s  d u e  t o  t h e r m a l  
d e f l e c t i o n s  o n l y  were a p p r o x i m a t e l y  twice t h e  s p e c i f  i ed  o p e r a t i n g  
g a p s .  L a r g e  t h e r m a l  stresses also were computed a t  t h e  d o u b l e  p a n e l  
i n t e r s e c t i o n  l o c a t i o n .  

I n  order t o  r e d u c e  t h e  stresses and  d e f l e c t i o n s ,  t h e  i n i t i a l  
d e s i g n  was modifieu as  shown i n  F i g u r e  62 .  P a n e l  V was a a d e d  t o  t h e  

f i r s t  model, and t h e  other d o u b l e  p a n e l s  were recombined  i n  order t o  

r e d u c e  t h e  t h e r m a l  s t resses  and  d e f l e c t i o n s .  ( P a n e l  I was made i n t o  a 
s i n g l e  p a n e l .  P a n e l s  I1 and I11 were combined i n t o  a d o u b l e  p a n e l  as 
were P a n e l s  I V  and V . )  T h e  i n n e r - p a n e l  s h e e t  t h i c k n e s s  was also 
i n c r e a s e d  to  0.050 i n c h .  N e w  t e m p e r a t u r e  d i s t r i b u t i o n s  were computed 
f o r  t h e  m o d i f i e d  d e s i g n  (see F i g u r e  6 3 )  and  t h e  r e s u l t i n g  thermal 
d e f l e c t i o n s  are shown i n  F i g u r e  64.  R e l a t i v e  m o t i o n s  a t  t h e  d imple  
l o c a t i o n s  a re  a l so  shown i n  t h i s  f i g u r e .  The  t e m p e r a t u r e  d i s t r i b u t i o n  
was r e c a l c u l a t e d  f o r  t h e  new p a n e l  c o n f i g u r a t i o n ,  and  t h e  new a i s t r i -  
b u t i o n  is shown i n  F i g u r e  65 .  

I n i t i a l  c o l d  gaps were s p e c i f i e d  a t  t h e  dimple l o c a t i o n s  t h a t  

i n d i c a t e  c l o s u r e  a t  t h e  o p e r a t i n g  c o n d i t i o n .  The  lower t w o  dimple 
l o c a t i o n s  were d e s i g n e d  w i t h  a n  i n i t i a l  lower c h a n n e l  h e i g h t  t h a t  was 
allowed to o p e n  to t h e  correct h e i g h t  a t  t h e  o p e r a t i n g  c o n d i t i o n .  

1 

2.2.2.2 I n n e r - T r a n s i t i o n  L i n e r  The rma l  and S t r e s s  A n a l y s i s  

The  a n a l y s e s  on t h e  i n n e r - t r a n s i t i o n  l i n e r  i n d i c a t e d  t h a t  i t  was 
a n  acceptable d e s i g n .  F i g u r e  66 shows t h e  r e s u l t  of t h e  t h e r n a l  a n a l -  
y s i s .  A peak t e m p e r a t u r e  of 1525'F is predicted n e a r  t h e  i n t e r f a c e  of 
t h e  combustor  w i t h  t h e  l i n e r .  The ma te r i a l  for t h e  l i n e r ,  Has- 
t e l l o y  X ,  w i l l  a d e q u a t e l y  h a n d l e  t h i s  t e m p e r a t u r e  l e v e l .  

2 1-4 00 7 
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Figure 62. Modified Outer Transition Liner Design. 
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Figure 63. Panel Temperature Distributions. 
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Figure 64. Modified Transition Liner Deflections and 
D i m p l e  Relative Motions. 
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Figure 65. Modified Model Temperature Distribution. 
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Figure 66. CFFC Inner Transition Liner Maximum Operating Temperatures. 
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The t h e r m a l  a n a l y s i s  was based  on 1 0 0 - p e r c e n t  combustor  e f f  ic- 
i e n c y  a t  s t e a d y - s t a t e  maximum o p e r a t i n g  c o n d i t i o n .  F i l m  c o o l i n g  o f  
2.0 p e r c e n t  was a p p l i e d  a t  t h e  f i r s t  i n l e t ,  and 1.54 p e r c e n t  was 
a p p l i e d  a t  t h e  n e x t  downstream i n l e t .  C o n v e c t i o n  h e a t  t r a n s f e r  was 
applied a t  a l l  of t h e  model  s u r f a c e s .  R a d i a t i o n  was assumed o n l y  t o  be  
s i g n i f i c a n t  between t h e  d o u b l e  wa l l s  o f  t h e  l i n e r .  Z e r o - h e a t  con- 
d u c t i o n  was assumed a t  t h e  j u n c t i o n s  o f  t h e  l i n e r  w i t h  t h e  combustor  
and other  m a t i n g  pa r t s .  

F i g u r e  67 s h o w s  the t h e r m a l  stresses r e s u l t i n g  f rom t h e  tempera- 
t u r e s  o f  t h e  s t e a d y - s t a t e  maximum o p e r a t i n g  c o n d i t i o n  thermal  
a n a l y s i s .  

A maximum stress o f  88.9 k s i  was found  a t  t h e  d i m p l e  s t a n d o f f s  
be tween t h e  t w o  l i n e r  walls.  N o  s tress r e l a x a t i o n  was c o n s i d e r e d  i n  
t h i s  a n a l y s i s .  The r e s u l t s  i n d i c a t e d  t h a t  s m a l l  l o c a l i z e d  y i e l d i n g  
(creep) w a s  l i k e l y  to  o c c u r  i n  t h i s  r e g i o n ,  b u t  s h o u l d  n o t  a f f e c t  t h e  

p e r f o r m a n c e  o f  t h i s  combus to r .  

F i g u r e  68 s h o w s  t h e  d e f l e c t e d  s h a p e  o f  t h e  i n n e r - t r a n s i t i o n  l i n e r  
d u r i n g  s t e a d y - s t a t e  maximum o p e r a t i n g  c o n d i t i o n .  The model  was 
assumed f i x e d  a x i a l l y  a t  t h e  i n t e r f a c e  w i t h  t h e  inne r -combus to r  w a l l .  
The t w o  c o o l i n g  f i l m  i n l e t s  t o  t h e  ma in  f l o w  b o t h  o p e n  u p  f rom t h e  

b u i l d  c o n d i t i o n .  The f i r s t  i n l e t  o p e n s  up  0.0077 i n c h e s  ( r a d i a l l y ) ,  
and t h e  downstream i n l e t  o p e n s  up  0.0015 i n c h e s  ( r a d i a l l y ) .  

2.2.3 D e t a i l e d  A n a l y s i s  o f  Combustor Layou t  

A f i n a l  i t e r a t i o n  o f  t h e  o n e - d i m e n s i o n a l  a n n u l u s  f low model was 
u s e d  to  ma tch  t h e  l i n e r  geomet ry  and  t h e  c o o l a n t - f l o w  d i s t r i b u t i o n .  
The d e t a i l e d  g e o m e t r i c a l  c h a r a c t e r i s t i c s  o f  t h e  c o o l a n t - m e t e r  i n g  h o l e s  
and  t h e i r  r e s p e c t i v e  p r e s s u r e  d r o p  a l o n g  e v e r y  s i n g l e - l i n e r  s e c t i o n  
were i n f e r r e d  and summarized i n  T a b l e s  1 and 2. 
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88.9 

ALL STRESSES ARE EFFECTIVE AND I N  KSI 

F i g u r e  67. CFFC I n n e r  T r a n s i t i o n  L i n e r  Maximum O p e r a t i n g  Stresses. 
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Figure 68. CFFC Inner Transition Liner Maximum Operating Defiections. 
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For 
i nd i ca te  

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

e a c h  o r i f i c e  o p e n i n g  a l o n g  t h e  combus to r  l i n e r ,  t h e  tables  
t h e :  

A i r  f l o w  is p e r c e n t a g e  o f  t h e  t o t a l  a i r  f l o w ,  o 

P r e s s u r e  a v a i l a b l e  a t  t h e  s e c t i o n  l o c a t i o n ,  P (p s i )  

P r e s s u r e  d r o p  t h r o u g h  t h e  f i n s  or c o n v e c t i v e  p a s s a g e ,  A ?  

P r e s s u r e  d r o p  a v a i l a b l e  a t  t h e  a i r  i n j e c t i o n ,  AP/P % 

Number o f  h o l e s  

G e o m e t r i c - h o l e  d i a m e t e r ,  D ( i n c h )  

C o o l i n g  s k i r t  h e i g h t ,  S ( i n c h )  

C o o l i n g  s l o t  p a r a m e t e r ,  + 
C o o l i n g  f i l m  temperature a t  i n j e c t i o n ,  Tf (OF) 

C o o l i n g  s k i r t  t e m p e r a t u r e ,  T l i p  (OF) 

C o o l i n g  s k i r t  l i p  t h e r m a l  grow ( i n c h ) ,  As 

Reynold number and N u s s e l t  number f o r  t h e  c o o l i n g  imping ing  
on t h e  c o o l i n g  s k i r t  

Ratio o f  m e t e r i n g  h o l e  d i a m e t e r  to  c o o l i n g  s k i r t  g a p ,  D/S 

Ratio of h o l e  specing to h o l e  g e o m e t r i c  d i a m e t e r  

Rat io  of c o o l i n g  s k i r t  f l o w  area to  t h e  t o t a l  holes a rea .  
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T h e s e  p a r a m e t e r s  were d e r i v e d  t o  o p t i m i z e  t h e  f i l m  c o o l i n g  e f f e c -  

t i v e n e s s .  I t  was f o u n d  t h a t  t h e  i n i t i a l  f i l m  c o o l i n g  f l o w  charac te r -  
ist ics had s i g n i f i c a n t  i n f l u e n c e  o n  t h e  f i l m  e f f e c t i v e n e s s  d e l a y s ,  and  
t h e r e b y  o n  t h e  l iner -wal l  t e m p e r a t u r e .  Based o n  R e f e r e n c e  4 ,  a well- 
d e s i g n e d  c o o l i n g  slot  c r i t e r i a  was f o l l o w e d .  The e x t r e m e  s e n s i t i v i t y  
of f i l m  e f f e c t i v e n e s s  t o  t h e  s lo t  g e o m e t r i c  d e t a i l s  was y u a n t i f i e d  
t h r o u g h  t h e  f o l l o w i n g  c r i t e r i a :  

f o r  s l o t  w i t h  i ) /s  < 1 . 0 ,  
t h e  " i d e a l "  s l o t  w i l l  be s u c h  t h a t  $ ~ 0 . 9  

s lo t  w i t h  D / s  G 1.5  3, S 1 . 3  

w h e r e  D = g e o m e t r i c  diameter of t h e  c o o l a n t  m e t e r i n g  h o l e  

s = s l o t  h e i g h t  a t  t h e  o u t l e t .  

The n o n d i m e n s i o n a l  parameter 9 is a f u n c t i o n  of t h e  c o o l i n g  c o n f i g u r a -  
t i o n s ,  s u c h  as doub le  or s i n g l e  rows of m e t e r i n g  o r i f i c e s ,  a x i a l -  
rad ia l -hole  i n j e c t i o n  a n g l e .  For t h e  simple s l o t  w i t h  a s i n g l e  row of 
m e t e r i n g  o r i f i ce s  and no  plenum c o n s i d e r e d  i n  t h i s  d e s i g n ,  t+9 is 
related t o  t h e  c o o l i n g  s k i r t  geomet ry  by: 

9 =  ps & 

1 
1 

w h e r e  d = m e t e r i n g - h o l e  diameter 
p = p i t c h  l e n g t h  be tween m e t e r i n g  h o l e s  
s = s l o t - o u t l e t  h e i g h t  
L = slot  l e n g t h  from t h e  m e t e r i n g  hole  a x i s  to  t h e  e n d  of 

t h e  l i p  

I 
3, is g i v e n  i n  T a b l e s  1 and 2 for  e a c h  f i l m  c o o l i n g  l o c a t i o n .  

T h e  p r e s s u r e  drop a l o n g  t h e  l i n e r  s e c t i o n  i n c l u d e s  t h e  f o l l o w i n g :  

f 
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0 F i n  or c o n v e c t i v e  p a s s a g e  e n t r a n c e  p r e s s u r e  drop 

0 Pressure drop a l o n g  t h e  f i n s  or c o n v e c t i v e  c o o l i n g  p a s s a g e s .  

0 Pressure d r o p  due t o  dimple b l o c k a g e  a l o n g  t h e  t r a n s i t i o n  
l i n e r .  

The p r e s s u r e  drops across t h e  swirlers and  p r i m a r y  and  d i l u t i o n  
h o l e s  were g i v e n  d i r e c t l y  by t h e  a n n u l u s - f l o w  models €or t h e  exact- 
l i n e r  g e o m e t r y  ( i n c l u d e  f i n  o u t e r  p a n e l ) .  

The c o o l i n g  s l o t  g a p s  were e s t i m a t e d  i n  t w o  steps. For  t h e  f i r s t  
o n e ,  t h e  s l o t  h e i g h t  was e s t i m a t e d  t o  m'atch t h e  f i l m  c o o l i n g  v e l o c i t y  
w i t h  t h e  n e a r - w a l l  ho t -gas  v e l o c i t y ,  as g i v e n  by t h e  t h r e e - d i m e n s i o n a l  
a n a l y s i s .  The  t h e r m a l  g rowth ,  o p e n i n g  or c l o s i n g ,  of each s lo t  was 
computed f rom t h e  temperature d i f f e r e n c e  be tween t h e  l i p  temperature 
and t h e  l i n e r  local t e m p e r a t u r e .  T h e  enhanced  c o o l i n g  process from 
t h e  m e t e r i n g  hole i m p i n g i n g  a i r  was t a k e n  i n t o  a c c o u n t .  T h e  a v e r a g e  
N u s s e l t  number a l o n g  t h e  l i p  and t h e  impingement  R e y n o l d s  number Sased 

o n  t h e  m e t e r i n g  h o l e  d i a m e t e r  a r e  a l so  shown. 

2 . 3  T e c h n i c a l  Summary 

The wall-temperature r e d u c t i o n  o b t a i n e d  w i t h  t h e  c o u n t e r f  low 
f i l m - c o o l e d  combus to r  is shown i n  F i g u r e s  69 and 70. T h e  wall-temper- 
a t u r e  d i s t r i b u t i o n  of t h e  c y l i n d r i c a l  l i n e r s  are compared tor  b o t h  the 

o r i g i n a l  c o n v e n t i o n a l  c o n v e c t i v e - f  i l m  c o o l i n g  c o n f i g u r a t i o n  a n a  t h e  

p r e s e n t  o f f s e t - f i n / e x t e n d e d  s u r f a c e  c o n f i g u r a t i o n .  The  f i r s t  d i l u t i o n  
z o n e - w a l l  temperature p r o f i l e  h a s  been e s t i m a t e d  f o r  two v a l u e s  of 
f u e l / a i r  r a t i o  c o r r e s p o n d i n g  t o  t h e  a c t u a l  f u e l / a i r  r a t i o  ( 0 . 0 4 6 )  i n  
t h a t  r e g i o n  and a commonly assumed v a l u e  (0 .054)  b a s e d  o n  past  e x p e r i -  
e n c e .  
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Figure 69. Temperature Distribution Outer Liner - Final Configuration. 

i 
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F i g u r e  70. I n n e r  L i n e r .  
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T o  e v a l u a t e  t h e  c o o l i n g  p e r f o r m a n c e  be tween t h e  o r i g i n a l  and  
f i n a l  c o n f i g u r a t i o n ,  t h e  parameters i n  T a b l e  3 h a v e  been  a s s e m b l e d  for  
e a c h  l i n e r  sec t ion .  They r e p r e s e n t :  I 

Amount of f i l m  c o o l i n g  a i r  ( p e r c e n t  of  t h e  t o t a l  
a i r f l o w )  

I - 
wC 

f / a  = Fue l  a i r  r a t i o  e x i s t i n g  i n  t h e  h o t  g a s  

- - Hot-gas t e m p e r a t u r e  TG 

- - Flame t e m p e r a t u r e  ( u s e  i n  comput ing  r a d i a t i o n  Tf 
f low t o  t h e  wal l )  

Rat io  of  t h e  N u s s e l t  number and  t h e  S t a n t o n  number, 
r e s p e c t i v e l y ,  f o r  e a c h  r e g i o n  of t h e  f i n a l  
c o n f i g u r a t i o n  w i t h  respect t o  t h e  c o n v e n t i o n a l  
c o n v e c t i v e / c o o l i n g  scheme. I n  t h e  t r a n s i t i o n  
l i n e r ,  t h e  c o n f i g u r a t i o n  of  r e f e r e n c e  c o n s i s t s  of 
t h e  same f o r c e d  c o n v e c t i v e  p a s s a g e s  b u t  b e a r i n g  n o  
r o u g h e n i n g  e l e m e n t s .  

N U  S t  - - =  
NUO' S t O  I 

The l a s t  two parameters i l l u s t r a t e  t h e  i n c r e a s e d  h e a t - t r a n s f  er 
r a t e  o b t a i n e d  around t h e  combus to r ,  when improved c o n v e c t i o n  c o o l i n g  
t e c h n i q u e s  are used. 

The  r e d u c t i o n  i n  t h e  amount of a i r  s p e n t  i n  c o o l i n g  t h e  l i n e r s  
r e p r e s e n t s  a s i g n i f i c a n t  g a i n  when compared t o  a c o n v e n t i o n a l l y  c o o l e d  
combus to r .  The  " s p e c i f i c  c o o l a n t  f l o w "  ( i . e ,  t h e  a v e r a g e  c o o l a n t  flow 
r a t e  per l i n e r  surface area)  h a s  been  p l o t t e d  v e r s u s  t h e  combus to r  
i n l e t  p r e s s u r e  f o r  a w i d e  r a n g e  of Garret t  r e v e r s e - f l o w  c o m b u s t o r s  as 
shown i n  F i g u r e  71 .  The  CFFC combus to r  would,  a p r i o r i ,  r e q u i r e  

t h e  i n l e t  p r e s s u r e  of 249.7 ps ia  (16.98 a tm).  Wi th  t h e  p r e s e n t  

0.0166 lbm/sec / in2  (11.6910-4 kg/sec/cm 2 ) of c o o l i n g  a i r  t o  operate a t  
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-~~ ~~ 

f / a  TG Tf 
OF OF Nu/Nuo 

0.0678 3439 3765 2.3 

TABLE 3. COMBUSTOR COOLING PERFORMANCE. 

6.0 

1.0 

2.0 
2.0 
1.4 

2.2 
2.0 
1.3+2 
1.36 
1.36+1 

LOCATION* 

CYLINDRIC LINER 
O u t e r  L i n e r  
1. P r i m a r y  zone 
2. F i r s t  d i l u t i o n  z o n e  

-~ 

0.054 3136 3713 2.50 
0.046 2859 3136 
0.031 2239 2592 1.7 

0.0678 3439 3765 5.9 
0.054 3136 3713 7.8 
0.0313 2239 2592 3.59 

0.0284 2188 2592 2.66 
0.0277 2159 2492 2.15 
0.0273 2143 2471 2.35 
0.0263 2100 2417 1.76 
0.0260 208 4 2400 2.60 

3. Second d i l u t i o n  z o n e  

I n n e r  L i n e r  
1. P r i m a r y  zone 
2 .  F i r s t  d i l u t i o n  zone 
3. Second  d i l u t i o n  zone 

TRANSITION LINER 
O u t e r  L i n e r  
1. P a n e l  I 
2. P a n e l  11 

3. P a n e l  I11 

4. P a n e l  I V  

5. P a n e l  V 

St /Sto 

3.38 
3.51 

1.74 

2.7 
2.78 
3.59 

~ 

1.47 
1.30 
1.5 
2.11 
1.35 

*The transition-liner panels are as defined on Fiqure 3 9 .  

Combus to r  Mass Flow = 8 lbm/sec = 3.63 k g / s e c  

I n l e t  P r e s s u r e  P3 = 235 p s i  = 14.98 atm 
I n l e t  T e m p e r a t u r e  T3 = 830°F = 443OC 

C y l i n d r i c a l  L i n e r  S u r f a c e  = 2.585 f t 2  = 0.240 m 
P r e s s u r e  Drop (Ap) liner = 2.94% 

2 

-l 

C o o l i n g  a i r  mass f l o w  r e q u i r e d  per u n i t  o f  l i n e r  s u r f a c e :  

w i t h  c o n v e n t i o n a l  f i l m  c o o l i n g  
w i t h  off se t  f i n s  and  extended s u r f  ace 

0.0166 lbm/sec/ in* = 11. 691f4 kg/sec/cmL 
0.0081 lbm/sec/ in2 = 5. 6710-4 kg/sec /cm 2 

? 
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COMBUSTOR PRESSURE - PSlA 

Figure 71. Experience Curve for Garrett Reverse-Flow 
Combustors, Comparing Average Coolant Flow 
Rates for Various Combustor I n l e t  Pressure 
Levels. 
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d e s i g n ,  t h e  specific c o o l a n t  f l o w  for t h e  o u t e r  and i n n e r  l i n e r s  
( l i m i t e d  t o  t h e  c y l i n d r i c a l  l i n e r s  to  which  F i g u r e  7 1  applies o n l y )  
are 0.0053 lbn i / s ec / in2  (3.7210-4 kg/sec/cm2) and  0.01176 lbm/sec i n 2  
(8.2610-4 kg/sec/cm 2 ) ,  r e s p e c t i v e l y .  
c i f i c  c o o l a n t  f l o w  r e d u c t i o n  of 52 p e r c e n t ,  0.008 l b m / s e c / i n  2 
(5.6210'4 kg/sec/cm 2 ) i n s t e a d  of 0 .0166 l b m / s e c / i n 2  (ll.6910-4 kg/ 

T h i s  leads to  a n  o v e r a l l  spe- 

2 sec/cm ) f o r  a more c o n v e n t i o n a l  d e s i g n .  

The  a i r f l o w  d i s t r i b u t i o n  computer o u t p u t  a l o n g  t h e  c y l i n d r i c a l  
and t r a n s i t i o n  l i n e r s  is p r e s e n t e d  i n  A p p e n d i c e s  I and 11, respect- 
i v e l y .  For a g i v e n  combus to r  geomet ry  and  s p e c i f i e d  a i r f l o w  and pres- 
sure drop, t h e  o u t p u t  c o n s i s t s  o f  local v e l o c i t i e s ,  p r e s s u r e s ,  
o r i f i c e s  s i z e ,  d i s c h a r g e  c o e f f i c i e n t s ,  and  j e t  v e l o c i t i e s .  
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3 . 0  CONCLUSION 

A comprehens ive  d e s i g n  s t u d y  h a s  been  c a r r i e d  o u t  t o  s i g n i f i -  
c a n t l y  r e d u c e  l i n e r - w a l l  temperature i n  a r e v e r s e - f l o w  a n n u l a r  com- 
b u s t o r .  

i 

A c o m b i n a t i o n  o f  h igh -pe r fo rmance  o f f s e t - f i n  p la tes  and  e x t e n d e d  
s u r f a c e s  have  a l l o w e d  i n c r e a s e s  i n  t h e  loca l  c o n v e c t i v e  S t a n t o n  number 
up t o  a f a c t o r  of 3.5. T h e  o f f s e t - f i n  p la tes  were d i s t r i b u t e d  a l o n g  
t h e  i n n e r  and o u t e r  c y l i n d r i c a l  l i n e r s ,  w h i l e  t h e  t r a n s i t i o n  l i n e r s  
complex g e o m e t r y  c a l l e d  f o r  roughened  wal l  t o  i n c r e a s e  t h e  h e a t  t r a n s -  
f e r  r a t e .  

The s p e c i f i c  c o o l a n t  f l o w  ( i . e . ,  t h e  c o o l a n t  mass f l o w  per s u r -  
f a c e  area) h a s  been r e d u c e d  by 5 2  p e r c e n t  w i t h  r e s p e c t  t o  a conven-  
t i o n a l  c o n v e c t i o n - f i l m  c o o l i n g  c o m b u s t o r .  

F i g u r e  72 shows t h e  l a y - o u t  of  t h e  f i n a l  c o n f i g u r a t i o n .  
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